In this study, novel Pt-C and Pt-Ru-C electrodes were prepared by a co-sputtering technique to improve the methanol oxidation reaction. The methanol oxidation was first compared for Pt, Pt 0.56 C 0.44 and Pt 0.61 Ru 0.34 C 0.05 electrodes in N 2 -and O 2 -saturated 0.5 mol dm -3 H 2 SO 4 + 1 mol dm -3 CH 3 OH solutions. An O 2 -enhancing methanol oxidation at the Pt 0.56 C 0.44 , which never occurs for the Pt, was observed and compared to that for the Pt 0.61 Ru 0.34 C 0.05 . The results demonstrated that the addition of Ru to the Pt-C increases the methanol oxidation current and leads to a negative shift in the onset potential (E onset ) in both the N 2 and O 2 atmospheres. Based on these results, the O 2 -enhancing methanol oxidation with a negative E onset is evidently achieved by the Pt-Ru-C sputtered electrode. Next, an MEA containing the Pt 0.61 Ru 0.34 C 0.05 was prepared and installed in a DMFC single cell. Methanol oxidation voltammograms were measured by feeding the N 2 -and O 2 -saturated methanol solutions to the Pt-Ru-C electrode and humidified H 2 to the Pt-based counter-electrode. As a result, a higher cell temperature and a higher methanol concentration accelerated the methanol oxidation reaction in the N 2 and O 2 atmospheres. This also points out the fact that the O 2 -enhancing methanol oxidation takes place under these conditions. The DMFC power generation performance was then assessed by changing the counter-electrode reactant from H 2 to O 2 . When 1 mol dm -3 CH 3 OH was fuelled, the generated power successfully increased with an increase in the cell temperature. Also, the O 2 -enhancing methanol oxidation was clearly observed. However, the DMFC power generation decreased when 5 and 10 mol dm -3 CH 3 OH solutions were used. By comparing the results of the methanol oxidation voltammogram and DMFC power generation performance, the degraded DMFC power generation was determined to be due to methanol crossover.
Introduction
The direct methanol fuel cell (DMFC) is a clean and efficient energy converter operating at low temperature, such as around room temperature. In this system, methanol supplied to the anode is directly oxidised. Therefore, no reforming equipment is required, which leads to the realisation of a small and compact DMFC system. Based on this feature, DMFCs are expected to be used as power sources for portable electronic devices [1] . However, the DMFC has not yet been widely used because of its low power density. With regard to the reasons for the low power density of the DMFCs, (i) a low methanol oxidation activity of the anode catalyst [2] [3] [4] , and (ii) a decline in the O 2 reduction performance due to methanol crossover [5] have been suggested.
We have recently reported that the methanol oxidation performance at a Pt-C electrode prepared by cosputtering is not influenced by O 2 addition [6] . To our surprise, the Pt-C electrode with a specific Pt:C atomic ratio shows an outstanding methanol oxidation performance, which is enhanced by the added O 2 . This O 2 -sensitized methanol oxidation performance can be preferably used for the DMFC anode. However, the onset potentials of the methanol oxidation (denoted as E onset ) at the Pt-C electrodes are not very negative in the presence of O 2 for effective operation in the DMFC.
It is generally accepted that methanol oxidation on Pt-based catalysts (Pt-M) occurs as follows [7] [8] [9] [10] 
in which the rate-determining step of the methanol oxidation is believed to be eq. (2) [10] . When M = Pt, reaction (2) starts at 0.7 V vs. normal hydrogen electrode (NHE) [7, 8] , resulting in a comparatively positive E onset . In contrast, when Pt is alloyed with Ru (M = Ru), reaction (2) occurs at around 0.2 V vs. NHE [7, 8] , which leads to an E onset shift to a negative potential. Based on this fact, E onset at the Pt-C electrode can be improved by replacing Pt with a Pt-Ru alloy.
In this study, we focused our attention on a Pt-Ru-C co-sputtered ternary system in order to realise the O 2 -enhanced methanol oxidation reaction with a negative E onset . The Pt-Ru-C ternary electrodes were prepared by a multi co-sputtering technique [11] [12] [13] [14] [15] , which allows the preparation of a thin film not only on a flat Au substrate, but also on a porous carbon paper. The electrocatalytic activity of the methanol oxidation reaction at the prepared Pt-Ru-C electrode was first measured in deaerated and aerated H 2 SO 4 solutions. Thereafter, the same type of methanol oxidation was evaluated in a membrane-electrode assembly (MEA) by changing the temperature and methanol concentration. Finally, the DMFC power generation was assessed using a DMFC single cell incorporating the same MEA.
Experimental

Preparation of sputtered electrodes
Pt, Pt-C, and Pt-Ru-C thin-layer electrodes were prepared using a multi-target sputtering machine (ULVAC, CS-200) [6, [11] [12] [13] [14] . A schematic illustration of the sputtering is shown in Figure 1 . In this Figure, Pt and Ru discs and two graphite carbon discs were used as the sputtering targets. The diameters of all the targets were 8 cm. An Au foil (8 mm diameter, 0.05 mm thickness) and a glassy carbon plate (10 × 10 mm 2 area, 1 mm thickness; Tokai Carbon, GC-20SS) were used as the sputter-deposition substrates for the electrochemical measurements. In addition, the Pt-Ru-C was sputter deposited on a carbon paper (TGP-H-060H, Toray) substrate over a 5 cm 2 area for use as the MEA anode. Before the sputtering, these substrates were washed by ultrasonic agitation in acetone and then in Milli-Q water for 10 min each.
The experimental procedure for the sputter deposition is as follows. A rotating holder bearing the substrates was installed in a vacuum chamber, then the chamber was evacuated by rotary and turbomolecular pumps to a base pressure of 3 × 10 -4 Pa. Subsequently, 99.999% Ar gas was introduced into the chamber to a pressure of 3 Pa, then the substrate was exposed to an inverse sputter etching process to remove any residue on the surface. This pre-sputtering was conducted at a DC power of 200 W for 120 s. After the etching, Pt, Ru, and C were simultaneously sputtered onto the substrate under the conditions listed in Table 1 , while the substrate holder was rotated at 10 rpm. During the sputtering, RF power was supplied to the Pt and Ru targets, and DC power was supplied to the C targets. After the sputtering, the pressure in the chamber was allowed to return to atmospheric pressure before the samples were removed. The formed Pt-Ru-C layer had a 5 mm diameter with 50-100 nm thickness on the Au and glassy carbon, and 2.3 cm × 2.3 cm on the carbon paper.
The MEA (geometric electrode area, 5 cm 2 ) used in this study was prepared as follows [15, 16] . Nafion ® 117 (Du Pont) was used as the polymer electrolyte membrane. The membrane (5 cm × 5 cm) was boiled in 0.5 mol dm -3 H 2 SO 4 for 1 h and then washed twice by boiling in pure water for 1 h. The aboveprepared Pt-Ru-C on carbon paper served as the anode. A commercially available Pt/C (amount of deposited Pt: 45.9 wt%, Tanaka Kikinzoku Kogyo) catalyst was used in the cathode. The Pt/C was dispersed using a ball mill in a 5 wt% Nafion solution (Wako Pure Chemical Industries) diluted by a mixed solvent of methanol, 2-propanol, and Millipore water (1:1:1 weight ratio). The dispersed solution was spread on the carbon paper (TGP-H-060H, Toray) over a 5 cm 2 area. The amount of the spread Pt was adjusted to 1.0 mg cm -2 . Subsequently, the pretreated Nafion 117 membrane was sandwiched between the two catalyst-loaded carbon papers and then hot-pressed at 7.5 kN and 100°C for 10 min.
The atomic ratios of the co-sputtered electrodes were analysed using an energy-dispersive X-ray analyser (EDS: JEOL, JED-2300) combined with a scanning electron microscope (SEM: JEOL, JSM-6060A). The analysed data are listed in Table 1 The atomic ratios of Pt to C were estimated by EDS. c Pt and Ru were sputtered using AC power generators. d C was sputtered using two graphite carbon target plates and a DC power generator. Table 1 . Preparation conditions (output power and sputtering time) a and atomic ratios of Pt:Ru:C b of Pt, Pt-C, and Pt-Ru-C cosputtered electrodes.
Pt target C targets
Ru target Substrate Ar Figure 1 . Schematic of the sputtering apparatus equipped with Pt, Ru, and C targets.
Electrochemical measurements in H 2 SO 4 solution
The electrochemical properties of the sputter-deposited Pt, Pt-C, Pt-Ru-C electrodes were evaluated using a three-compartment electrochemical cell (see Fig. 2 ). A supporting electrolyte of a 0.5 mol dm -3 H 2 SO 4 solution was prepared by diluting concentrated H 2 SO 4 (Wako Pure Chemical) with Milli-Q water. Ag/Ag 2 SO 4 [15, [17] [18] [19] and a Pt coil were used as the reference and counter-electrodes, respectively. The Pt, Pt-Ru, and Pt-Ru-C layers prepared on the Au electrodes as well as the Pt-Ru-C layer prepared on the glassy carbon electrode were used as the working electrodes, and their potentials were controlled by a potentiostat (Hokuto Denko, HAB-151). All the electrochemical measurements were conducted at 25±1°C and the electrode potentials in this paper are referenced to the normal hydrogen electrode potential (NHE) at the same temperature. The measured currents were normalised by the geometric surface area of the sputtered electrode, which was exposed to the electrolytic solution (0.16 cm 2 ). The electrochemical measurements were conducted as follows. The sputtered electrodes were pretreated by potential cycling at the rate of 10 mV s -1 in N 2 -saturated 0.5 mol dm -3 H 2 SO 4 solution until the voltammogram was unchanged, so that the electrode surface could be stabilised. The potential cycling was reversed from the cathodic sweep to the anodic sweep immediately before the H 2 evolution, and the anodic sweep was conducted up to 0.75 V vs. NHE to prevent the Ru from dissolving [20] . Methanol oxidation at the sputtered electrodes was evaluated in N 2 -and O 2 -saturated 0.5 mol dm -3 H 2 SO 4 + 1 mol dm -3 CH 3 OH solutions. The measurement was conducted at the sweep rate of 10 mV s -1 after the pretreatment. 
Electrochemical measurements of the MEA
The prepared MEA was installed in a single cell (Electrochem Inc, EFC05-01SP) to measure its current-voltage characteristics using a cell operation system (FC Development Company, HPE-1000) in combination with a potentiostat/galvanostat (HAB-151, Hokuto Denko), and the data were collected using a datalogger (NR-2000, Keyence) (see Fig. 3 ). Prior to the measurements, the pre-operation for conditioning the MEA was carried out by feeding a fully humidified H 2 gas to the anode at 50 cm 3 min -1
and a fully humidified O 2 gas to the cathode at 50 cm 3 min -1 . During the conditioning, the current was gradually increased at the rate of 0.02 A per 30 s until the cell voltage reached 0.2 V in the galvanostatic mode by the electrochemical instrument. By repeating this procedure, the steady-state current-cell voltage (i-V) curve was obtained. The cell temperature was then increased to 40, 60, and 80°C and the above procedure was again conducted. Thus, the MEA conditioning was accomplished.
After the conditioning, a fully humidified N 2 gas was supplied to the Pt-Ru-C sputtered electrode at 50 cm 3 min -1 and a fully humidified H 2 gas to the counter-electrode at 50 cm 3 min -1 . Thus, a background cyclic voltammogram of the Pt-Ru-C sputtered electrode was measured at the rate of 50 mV s -1 . The N 2 gas was then changed to an Ar-and O 2 -saturated 1, 5, or 10 mol dm -3 methanol solution at the rate of 50 cm 3 min -1 in order to compare the methanol electrooxidation at the Pt-Ru-C sputtered electrode under Ar and O 2 atmospheres. The cell temperature was controlled at 25, 40, and 60°C. For the voltammetry measurements, the Pt-Ru-C electrode potential was controlled versus the counter-electrode, which is considered to be a dynamic hydrogen electrode (DHE).
Next, the H 2 gas supplied to the counter-electrode was switched to a fully humidified O 2 gas at 50 cm 3 min -1 . Thus, the DMFC power generation was then conducted at the cell temperatures of 25, 40, and 60°C. During the power generation, the i-V and current-power (i-P) curves were measured by feeding an Arand O 2 -saturated 1, 5, or 10 mol dm -3 methanol solution to the anode and the fully humidified O 2 gas to the cathode (see Fig. 4 ). The other measuring conditions were identical to those used for the MEA conditioning. All the measured currents were normalised by the geometric surface area of the Pt-Ru-C electrode, which was in contact with to the polymer electrolyte membrane (5 cm 2 ). 
Results and discussion
Electrochemical characterisation of the sputtered electrodes in H 2 SO 4 solution
The sputtered electrodes were electrochemically characterised by background cyclic voltammetry. 
Methanol oxidation at the sputtered electrodes in H 2 SO 4 solution
To investigate the effect of the C addition on the methanol oxidation at the Pt electrode, the methanol oxidation voltammograms of the Pt and Pt 0.56 C 0.44 were measured in N 2 -and O 2 -saturated 1 mol dm -3 methanol + 0.5 mol dm -3 H 2 SO 4 solutions. The obtained results are shown in Figs. 6(A) and (B), in which the blue and red lines represent the voltammograms in deaerated and aerated atmospheres, respectively. For the Pt electrode, the two methanol oxidation voltammograms show that E onset is observed at 0.54 V vs. NHE under a deaerated condition, which shifts to 0.66 V vs. NHE under an aerated condition. The methanol oxidation current density in the O 2 atmosphere is lower than that in the N 2 atmosphere. These results demonstrate that the methanol oxidation performance of the Pt electrode is degraded by the presence of O 2 . This is because the O 2 reduction and methanol oxidation simultaneously occur at the Pt electrode under the aerated condition, which leads to the appearance of the mixed potential of the methanol oxidation and O 2 reduction in the presence of O 2 [22, 23] . As a result, the methanol oxidation voltammogram of the Pt electrode in Fig. 6(A) shows a positive shift in E onset and the lower methanol oxidation current in the aerated atmosphere.
As for the Pt 0.56 C 0.44 , the methanol oxidation current density in a deaerated atmosphere in Fig. 6(B) is almost the same as that at the Pt electrode in Fig. 6(A) . This higher methanol oxidation current at Pt 0.56 C 0.44 is considered to be caused by a higher electrochemical surface area than that of Pt, as explained in Fig. 5 . Remarkably, it is also seen in Fig. 6(B) that the methanol oxidation current density further increases in the O 2 atmosphere. Such an O 2 -enhancing methanol oxidation has not been obtained when using commercially available carbon-supported Pt catalysts (Pt/Cs) [24] . Based on this result, the methanol oxidation performance of Pt 0.56 C 0.44 is found to be significantly enhanced by the presence of O 2 [6] . However, the E onset values in both the N 2 and O 2 atmospheres are observed at 0.52 V vs. NHE. The methanol oxidation voltammograms for determining the Ru addition effects on the Pt-C was measured for the Pt 0.61 Ru 0.34 C 0.05 , which is shown in Fig. 6(C) . In the Figure, the methanol oxidation current is enhanced and E onset shifts in the cathodic direction by the addition of Ru. These phenomena are well explained by the above-mentioned methanol oxidation mechanism, in which the rate-determining step of the methanol oxidation is represented by eq. (2) [10] . The addition of Ru to Pt-C accelerates the reaction of eq. (2). When we compare the blue and red lines in Fig. 6(C) , the methanol oxidation current is found to increase due to the presence of O 2 . Moreover, the two methanol oxidation curves of Pt 0.61 Ru 0.34 C 0.05 show that E onset is obtained at 0.33 V vs. NHE in both the N 2 and O 2 atmospheres. These results reveal that the O 2 -enhancing methanol oxidation with a comparatively negative E onset is achieved by adding Ru to the Pt-C. Figure 6(D) shows the methanol oxidation voltammograms for Pt-Ru-C prepared on glassy carbon. The composition of the Pt-Ru-C is presumed to be the same as that prepared on Au, since the EDX is unable to distinguish the sputtered carbon from the substrate carbon. When the methanol oxidation voltammogram of Fig. 6(C) is compared to that of Fig. 6(D) , almost the same characteristics are seen in terms of the methanol oxidation current density, onset potential, and O 2 -enhancing methanol oxidation. These facts indicate that the substrate does not affect the Pt-Ru-C electrocatalytic activity. Figure 7 demonstrates voltammograms of the methanol electrooxidation measured for the Pt-Ru-C of the MEA. The Pt-Ru-C composition is assumed to be the same as that prepared on Au because the carbon paper is used as a substrate. The voltammogram measurements were conducted by feeding Ar-and O 2 -saturated 1 mol dm -3 methanol to the Pt-Ru-C and a humidified H 2 to the counter-electrode by changing the cell temperature. The inset of Fig. 7 is a background cyclic voltammogram of the Pt-Ru-C measured under a humidified N 2 atmosphere at 25°C. From the voltammogram, the electrical double layer capacitance estimated in a potential region of 0.3-0.7 V vs. DHE [12] is almost the same as that of Fig. 5 . This suggests that the electrochemical surface area of the Pt-Ru-C prepared on the Au and the carbon paper are assumed to be at the same level.
Methanol oxidation at the Pt-Ru-C sputtered electrode of the MEA
In Fig. 7 , the methanol oxidation at 25°C is enhanced by the dissolved O 2 even in the MEA system. This implies that the O 2 -enhancing methanol oxidation takes place at the Pt-Ru-C/Nafion membrane system in the same way as in the H 2 SO 4 solution system. The magnitude of the methanol oxidation current is almost the same as that observed in the H 2 SO 4 solution. This is thought to be due to the same electrochemical surface areas of the Pt-Ru-C prepared on the Au and on the carbon paper. In Fig. 7 , methanol oxidation voltammograms obtained at 40°C and 60°C are also plotted. In each case, the methanol oxidation is clearly improved by the added O 2 . Under the Ar atmosphere, the methanol oxidation current increases according to an increase in the cell temperature, while, under the O 2 , E onset shifts cathodically and the methanol oxidation current increases. Figure 8 shows the methanol oxidation voltammograms for the Pt-Ru-C measured in the same cell at 60°C, in which the methanol concentrations were 1, 5, and 10 mol dm -3 . With an increase in the methanol concentration, the methanol oxidation current apparently increases under the Ar atmosphere. This agrees well with the reports that the methanol oxidation current proportionally rises with the methanol concentration [25] . Again, the methanol oxidation is improved by the dissolved O 2 in the methanol concentration range. Measurements were carried out at 60 C by feeding Ar-and O2-saturated 1, 5, and 10 mol dm -3 CH3OH solutions to the anode and humidified H2 gas to the counter-electrode. Scan rate: 50 mV s -1 .
DMFC power generation in the single cell incorporating the MEA
The cathode gas was then switched to a humidified O 2 gas. The DMFC single cell performances were measured by feeding an Ar-and O 2 -saturated 1 mol dm -3 methanol solution. Figure 9 shows the single cell performances of the i-V and i-P characteristics measured at 25, 40, and 60°C, respectively. These results show that the methanol oxidation and its O 2 -enhancement are accelerated by the cell temperature. These agree well with the results shown in Fig. 7 .
In Fig. 10 , the power generation dependence on the methanol concentration at a cell temperature of 60°C is seen. When the methanol concentration is 1 mol dm -3 , a comparatively large power generation is observed. However, when the methanol concentration increases to 5 and 10 mol dm -3 , the power generation decreases. This disagrees with the results of Fig. 8 , in which methanol oxidation current increases when the methanol concentration increases. Therefore, it is considered that the small power generation observed under the high concentration methanol feeding is attributed to the methanol crossover [15] that is caused by methanol permeation from the anode to the cathode in the single cell.
In the future, we plan to optimise the Pt-Ru-C composition for the O 2 -enhanced methanol oxidation, and to develop a cathode material that has a tolerance to the methanol-based reaction. Figure 10 . Current-voltage characteristics of a DMFC single cell incorporating an MEA which has a sputtered Pt-Ru-C anode catalyst layer. Symbols denote the cell voltage and power density. Measurements were carried out at 60 C by feeding Ar-and O2-saturated 1, 5, and 10 mol dm -3 CH3OH solutions to the anode and humidified O2 gas to the cathode.
Conclusions
In this study, the Pt-Ru-C electrode was prepared by a co-sputtering technique to improve the O 2 -enhancing methanol electrooxidation, which was previously observed for the Pt-C binary sputtered electrode. First, the O 2 -enhancing methanol oxidation for the Pt 0.56 C 0.44 , which never occurs for Pt, was compared to that for the Pt 0.61 Ru 0.34 C 0.05 in the N 2 -and O 2 -saturated 0.5 mol dm -3 H 2 SO 4 + 1 mol dm -3 CH 3 OH. The results demonstrated that the addition of Ru to the Pt-C increases the methanol oxidation current and leads to the negative shift in E onset in both the N 2 and O 2 atmospheres. Based on these results, the O 2 -enhancing methanol oxidation with a negative E onset is obviously achieved by the Pt-Ru-C sputtered electrode. Next, an MEA having the Pt 0.61 Ru 0.34 C 0.05 was prepared and installed in a DMFC single cell. The methanol oxidation voltammograms were measured by feeding N 2 -and O 2 -saturated methanol solutions to the Pt-Ru-C electrode and a humidified H 2 to the Pt-based counter electrode. As a result, a higher cell temperature and a higher methanol concentration accelerated the methanol oxidation reaction in the N 2 and O 2 atmospheres. This also points out the fact that the O 2 -enhancing methanol oxidation takes place under these conditions. The DMFC power generation performance was then assessed by changing the counter-electrode reactant from H 2 to O 2 . When 1 mol dm -3 CH 3 OH was used, the generated power successfully increased with an increase in the cell temperature. Also, the O 2 -enhancing methanol oxidation was clearly observed. However, the DMFC power generation decreased when 5 and 10 mol dm -3 CH 3 OH solutions were used. By comparing the results of the methanol oxidation voltammogram and DMFC power generation performance, the degraded DMFC power generation is deduced to be due to the methanol crossover.
